Understanding the molecular basis of monoallelic expression, as observed at imprinted loci, is helpful in understanding mechanisms underlying epigenetic regulation. Genomic imprinting begins during gametogenesis with the establishment of epigenetic marks on the chromosomes such that paternal and maternal chromosomes are rendered distinct. During embryonic development, the primary imprint can lead to generation of secondary epigenetic modifications (secondary imprints) of the chromosomes. Eventually, either the primary imprints or the secondary imprints interfere with transcription leading to parent-of-origin dependent silencing of one of the two alleles. Here we investigate several aspects pertaining to the generation and functional necessity of secondary methylation imprints at the Igf2/H19 locus. At the H19 locus, these secondary imprints are, in fact, the signals mediating paternal specific silencing of that gene. We first demonstrate that the H19 secondary methylation imprints are entirely stable through multiple cell divisions, even in the absence of the primary imprint. Second, we generate mouse mutations to determine which DNA sequences are important in mediating establishment and maintenance of the silent state of the paternal H19 allele. Finally, we analyse the dependence of the methylation of Igf2DMR1 region on the primary methylation imprint about 90 kilobases away.
Introduction
Mammals inherit two complete sets of chromosomes, one from the mother and one from the father. Most autosomal genes are expressed equivalently from the maternal and the paternal alleles. Imprinted genes, however, are expressed preferentially from only one chromosome in a parent-of-origin dependent manner (1) . Because the active and the inactive promoters of an imprinted gene are present in a single nucleus, the differences in their activity cannot be explained by differences in transcription factor abundance. Rather, transcription of imprinted genes represents a clear situation in which epigenetic mechanisms restrict gene expression and therefore offers a model for understanding the role of heritable DNA modifications such as cytosine methylation in maintaining appropriate patterns of expression.
The imprinted Igf2-H19 gene pair is part of a large cluster of imprinted genes on the distal end of mouse chromosome 7. H19 and Igf2 share enhancers and therefore share developmentally complex patterns of gene expression (2) . However, they are reciprocally imprinted. H19 is expressed exclusively from the maternal chromosome while Igf2
Secondary imprints at the Igf2/H19 locus Srivastava et al 4 to -4 kb upstream of the H19 promoter (10;11) ( Figure 1a ) and located about 90kb
downstream to Igf2 (distance based on GenBank NW_000336). However, the mechanisms by which monoallelic expression is maintained at the two loci are distinct (12) . Igf2 is regulated by a methylation sensitive insulator element that also maps with the ICE. This insulator element must be continually present in its unmethylated state to maintain maternal Igf2 silencing. Repression of paternal H19 is at least a two-step process. A paternally inherited ICE is required in the developing embryo. The primary paternal imprint at the ICE somehow induces further epigenetic changes at the locus that silence the paternal H19
promoter such that the presence of the ICE is not subsequently required for maternally restricted transcription in H19 expressing cells. Thus at H19, the primary imprint established during gametogenesis leads to a secondary imprint responsible for silencing the paternal H19 (12) .
Developmental regulation of cytosine methylation at the H19 locus is consistent with, and most likely explains, the mechanisms of this two part silencing process. The ICE is so far indistinguishable from the H19DMR (or H19 differentially methylated region). Cytosine residues within this 2 kb region are methylated in sperm but not in oocytes (10;13) . This differential methylation survives the global changes in DNA methylation that occur during early mammalian development (14;15) . Post-implantation, the domain of paternal specific methylation spreads to include the H19 promoter and exonic sequences (13;16;17) . The mechanistic significance of these changes in DNA methylation is evidenced by the correlation between loss of biallelism and gain of methylation in the normal developing embryo (18;19) and also by the loss of H19 monoallelism in mice carrying deletion of the DNA methyltransferase gene (20) . Mechanisms for this methylation spread are of high interest because of analogies with changes in DNA structure and expression of a number of tumor suppressor genes as seen in many types of tumor cells.
In this investigation, we examine the silencing of the paternal H19 promoter and several aspects pertaining to the spread of cytosine methylation. We show first that the cytosine methylation of the H19 promoter and exonic sequences is stable in the absence of the originating differentially methylated ICE even through mitosis. Second, we characterize the sequences required to establish and hold this secondary imprint. Finally, we show that the spread of the methylation can occur over long distances, as the paternally methylated ICE is responsible for secondary methylation changes that occur about 90 kilobases upstream at the Igf2 promoter.
Experimental Procedures

Generation of hCD2-cre transgenic mice
Plasmid, phCD2-cre, placing cre recombinase under the control of hCD2 promoter (21) was microinjected into mouse oocytes to obtain the transgenic mice.
Generation of H19 ∆exI mice
We used cre-loxP based deletion strategy for generating the mutants (22). As shown in Figure 1b , the targeting vector carried an 11.7 kb BglII fragment with H19 sequences from between -2 and +9.7 kb. (All base pairs are described relative to the H19 transcriptional start site). A loxP-flanked cassette with neomycin resistance and thymidine kinase genes (neo-tk) was inserted at DraIII (+3 bp) and an additional loxP site inserted at BsmI (+710 bp). The Diptheria toxin-A gene was inserted for negative selection. Linearized vector was electroporated into mouse RI embryonic stem cells. Correct clones were identified by Southern hybridization. A correctly targeted clone was then re-electroporated with pBS185
(Invitrogen) to direct excision of the neo-tk and the excision was detected by Southern hybridization (Figure 1b) . Correct clones were injected into C57/BL6-J blastocysts to generate chimeric founder mice that were mated with EIIa-cre transgenic females (23) to generate strains deleted for exonI (H19 ∆exI ). The exonI excision was detected by PCR using primers Madhu25 (5' GAA TTC TGG GCG GAG CCA C 3') and Madhu20 (5' TGG GAT GTT GTG GCG GCT GG 3') upstream and downstream to the deletion, respectively. The 180bp PCR product was confirmed by sequencing. 
Isolation, purification and induced proliferation of T cells
Results
Stability of the ICE mediated epigenetic modifications
Earlier analyses have shown that during embryogenesis, the primary imprint at H19DMR directs secondary epigenetic modifications that silence the paternal H19 promoter (12) . We wanted to test if the acquired epigenetic changes are developmental in nature and stable through mitosis or are lost with cell division and need to be re-established during each cycle of mitosis. Therefore, we deleted the H19DMR element in proliferating cells and assayed for the stability of the secondary methylation imprint of the H19 promoter.
Stability of the secondary imprint was analyzed in T cells since they retain their proliferative ability even after terminal differentiation. Although T cells do not normally express H19, when they are fused with embryonal carcinoma cells, the maternal H19 locus of the T cells is activated while the paternal H19 remains silent (27). Also, the H19DMR and the H19 promoter regions are hypermethylated on the paternal chromosome as shown by Southern blot analysis (27). Thus by these two criteria, the H19 locus in the T cells is imprinted.
We generated a transgenic mouse in which the expression of cre recombinase was under the control of human CD2 (hCD2) promoter so that cre recombinase was expressed in T cells at an early stage of development ( Since, subsequent to the ICE deletion, there is no loss in methylation despite extensive proliferation, in vivo or in vitro, we conclude that the secondary imprint at the H19 promoter is stable through mitosis and does not require continuous input from the primary imprint at the ICE.
Requirement of the H19 structural gene for the ICE mediated epigenetic silencing
We next wished to determine which regions of the H19 gene were essential for acquiring and/or maintaining the secondary imprint that actually represses paternal H19 transcription.
On the wild type paternal chromosome, both the H19 promoter region and the H19 RNA coding sequences are hypermethylated (10) . In fact, the first exon of H19 is the most We wanted to determine if exonI and its methylation were required to maintain repression of paternal H19 transcription. We initially attempted to quantitate expression via Northern analysis ( Figure 5b ). To directly test the role of exonI in initiation of transcription, we attempted nuclear run-on experiments, first using nuclei isolated from the livers of +/H19 ∆13 mutants could be result of either one or both of these factors. However, given that transcription initiation was not entirely abrogated due to exonI deletion, and significant levels of H19 RNA were observed, it was clear that the run-on analysis could be used to determine the functional necessity of exonI for silencing of paternal H19.
We next looked at transcription from the H19 Given the enormous difference in the expression of Igf2 from the wild type paternal and the maternal chromosomes, we were surprised to note that the maternal Igf2DMR1 was also heavily methylated. The methylation was seen at 70% and 50% of the total CpG residues on the paternal and maternal chromosomes, respectively, in the wild type mice (Figure 6a and   6d ). Additionally, no single residue could be identified that was specifically methylated on the paternal chromosome. Both the wild type paternal and wild type maternal chromosome populations had individual chromosomes that were heavily methylated and others that were practically devoid of any methylation. Deletion of ICE on the maternal chromosome activates Igf2 expression to high levels in heart (32) and if Igf2 expression requires
Igf2DMR1 hypermethylation, we would expect hypermethylation of Igf2DMR1 on the mutant maternal chromosome. Hence we analysed the effect of ICE deletion on the maternal Igf2DMR1 methylation. However, the extent of methylation on the expressing mutant maternal chromosomes (Figure 6f ) is low and comparable to wild type chromosomes ( Figure   6d and 6e). Thus, comparing maternal and paternal wild type and mutant chromosomes, we see a correlation of methylation of Igf2DMR1 with a methylated H19DMR but not with Igf2 expression.
Discussion
Repression of the paternal H19 allele is a two-step process. Molecular evidence strongly supports the idea that a paternal imprint at the ICE between -2 kb and -4 kb upstream of the H19 promoter marks the parental origin of the chromosome (10;11). Molecular and genetic studies demonstrate that during development this primary H19DMR imprint directs further epigenetic changes that actually silence the paternal H19 promoter (12) . These changes certainly involve DNA methylation. Here we demonstrate that the secondary methylation imprint is developmental. That is, it does not require continued signalling from the primary imprint at the ICE but is stable even during multiple mitoses.
The ICE acts to epigenetically modify the H19 promoter region and also a part of the structural gene. Both these regions are hypermethylated, post-fertilization, and the paternal H19 promoter is silenced. In fact, the exonI region is most completely and consistently methylated. However, our results here indicate that the region is not required at all for acquiring the secondary imprint. Thus CpG methylation does not always connote function but in some cases may be only coincident with other changes.
Our results concerning the role of exonI in maintaining H19 imprinting are not really consistent with previous transgenic experiments (29). Our personal observation is that Our experiments have also demonstrated that the ICE controls the imprinting of Igf2 at the transcript initiation level despite being 90kb downstream to the promoter. This is in complete accordance with the presence of a transcriptional insulator at the ICE (32;37;38).
Insulator elements prevent the expression of genes when present between the enhancer and promoter. The mechanistic details of the process seem to be diverse and not well understood (39) . Our nuclear run-on analysis suggests that the insulator in the ICE truly prevents promoter activation and transcript initiation by the enhancer.
Finally, we investigated the role of the H19DMR in methylation of the Igf2DMR1 element.
Igf2DMR1 has been identified as methylated in a parent-of-origin manner (17;33;40).
Subsequently, its crucial role in maintaining appropriate expression patterns of Igf2 in mesodermal tissues was demonstrated in vivo using embryonic stem cell generated mutational analyses (34). Further, an Igf2DMR1-specific binding protein, GCF2 has been identified whose affinity is dependent upon the levels of CpG methylation (41) . Our bisulfite sequencing results are puzzling in this regard because although we see a correlation between
Igf2DMR1 methylation and the presence of a methylated H19DMR in cis, we do not note correlation between Igf2 expression and the methylation of the 12 CpG dyads we examined. 
